Rubella vaccination induces widely variable immune responses in vaccine recipients. While rubella vaccination is effective at inducing immunity to rubella infection in most subjects, up to 5% of individuals do not achieve or maintain long-term protective immunity. To expand upon our previous work identifying genetic polymorphisms that are associated with these interindividual differences in humoral immunity to rubella virus, we performed a genome-wide association study in a large cohort of 1843 subjects to discover single-nucleotide polymorphisms (SNPs) associated with rubella virus-specific cellular immune responses. We identified SNPs in the Wilms tumor protein gene (WT1) that were significantly associated (P < 5 × 10 -8 ) with interindividual variations in rubella-specific interleukin 6 secretion from subjects' peripheral blood mononuclear cells postvaccination. No SNPs were found to be significantly associated with variations in rubella-specific interferon-γ secretion. Our findings demonstrate that genetic polymorphisms in the WT1 gene in subjects of European ancestry are associated with interindividual differences in rubella virus-specific cellular immunity after measles-mumps-rubella II vaccination.
Rubella virus (RV) is an RNA virus that typically causes mild disease; however, rubella infection can cause miscarriage, fetal death, or fetal defects in up to 90% of pregnancies when rubella is contracted immediately prior to or during the first 10 weeks of gestation [1] . Development and use of rubella vaccine-a live, attenuated strain of RV-has led to a decrease in the worldwide incidence of rubella and congenital rubella syndrome, and elimination of rubella in the Americas [2] . However, rubella outbreaks continue to occur in both industrialized and nonindustrialized countries in Europe, Africa, Asia, and Oceania [3] .
In the United States, the rubella vaccine strain virus RA27/3 is administered as a component of the measles-mumps-rubella II (MMR-II) vaccine in a 2-dose series. Rubella vaccine induces the development of protective immunity against rubella disease in a majority of vaccinees [4] ; however, immune responses to rubella vaccine are highly variable, and up to 5% of individuals do not reach or maintain protective antibody levels (>10 IU/mL) [5, 6] .
Interindividual heterogeneity in vaccine responses limits vaccine effectiveness at the population level. A fully vaccinated, yet rubella-vulnerable, subpopulation that nonetheless believes it is protected presents a risk for rubella outbreaks even in highly vaccinated populations, putting women of childbearing age at risk of rubella infection. There is evidence that much of this interindividual variation is due to genetic differences, as more than half of subjects who are antibody negative after a first rubella vaccination remain negative or fail to maintain longterm protective immunity after a second dose [7] . Studying the genetic basis of vaccine-response heterogeneity can provide information to improve vaccine effectiveness, avoid adverse events, improve public health, and inform a personalized vaccination regimen based on individuals' genetic profiles [8, 9] .
Our group previously identified genetic variations in human leukocyte antigen (HLA) loci and polymorphisms in immune response genes that are associated with rubella-specific antibody titers in vaccinated subjects [10] [11] [12] [13] [14] . In particular, HLA-DPB1 allelic variants were found to be associated with variations in neutralizing antibody titers both in candidate gene studies and in a genome-wide association study (GWAS) on 897 European ancestry children and young adults [10, 14, 15] . Here, we extend our previous work with a GWAS that examines genetic associations with rubella-specific cellular responses in a combined cohort of 1843 subjects recruited at 2 different geographical locations in the United States.
M A J O R A R T I C L E

METHODS
The study population and laboratory methods described herein are similar or identical to those published in our previous studies [14, [16] [17] [18] [19] [20] .
Study Participants
We analyzed a cohort of 1843 healthy subjects ranging in age from 11 to 39 years. These subjects were recruited in 2 independent cohorts: a Rochester cohort (n = 962) and a San Diego cohort (n = 881). The clinical and demographic characteristics of these cohorts have been previously published [14, [16] [17] [18] [19] [20] . The institutional review boards of the Mayo Clinic (Rochester, Minnesota) and the Naval Health Research Center (San Diego, California) approved the study, and written informed consent was obtained from each subject (ie, from age-appropriate participants and the parents of all children who participated in the study).
Cellular Cytokine Secretion Assays
We measured cellular immunity to RV by stimulating subject peripheral blood mononuclear cell (PBMC) cultures with RV and measuring interleukin 6 (IL-6) and interferon gamma (IFN-γ) secretion in culture supernatants by enzyme-linked immunosorbent assay (ELISA), as previously described [21, 22] . In brief, cryopreserved PBMCs were thawed and cultured in RPMI 1640 (Invitrogen) supplemented with 5% FCS (HyClone) and antibiotics. PBMCs were cultured with live W-Therien RV with a multiplicity of infection of 5 (gift from Dr Teryl Frey, Georgia State University), in triplicate alongside mock-infected and phytohemagglutinin-stimulated (5 ug/mL) controls. Culture supernatants were harvested at 24 hours (IL-6) or 48 hours (IFN-γ) and frozen for cytokine testing. ELISA assays for IL-6 and IFN-γ were performed on the collected supernatants using commercial kits (BD Pharmingen) following the manufacturer's protocol. The limit of detection for both cytokines was 4.7 pg/mL.
Genotyping
The genome-wide single-nucleotide polymorphism (SNP) typing was performed using the Infinium Omni 1M-Quad SNP array (Illumina, San Diego, California) for the Rochester cohort and Illumina Infinium HumanHap550v3_A or HumanHap650Yv3 BeadChip arrays for the San Diego cohort. To combine genotypes across the different platforms, we imputed genotypes using the 1000 Genomes cosmopolitan samples as a reference, using SHAPEIT [23] to phase the data and IMPUTE2 [24] to complete the imputation. We ran the pooled analysis using SNPs with an imputation dosage allele r 2 of at least 0.3 and a minor allele frequency of at least 0.01.
Statistical Analysis
Full details of the analysis are included in the Supplementary Materials. Major ancestry groups and corresponding population stratification eigenvectors were established by platform. Because sample size was insufficient for Asian ancestry (N = 97), we restricted analyses to European ancestry and African-American ancestry groups. For the Rochester cohort, time from vaccination to enrollment, principal components to adjust for population stratification, and assay batch information were used as adjusting covariates. For the San Diego cohort, the date of sample acquisition and assay batch information were used as adjusting covariates. The rubella-specific secreted cytokines IL-6 and IFN-γ were transformed by normal quantiles of the difference of the mean stimulated and mean unstimulated values. Adjusted traits were then computed by regressing out the effects of potential confounders within each of the 2 cohorts. The adjusted traits were then combined across cohorts to maximize power. The adjusted traits were used to evaluate associations with SNPs, both within ancestral categories of European and African American and combined ancestral categories. Following standard practice, we used a GWAS significance threshold of P ≤ 5 × 10 -8 [25, 26] . Because the cohort was heavily weighted toward European ancestry, we present GWAS results for both the overall cohort and the European ancestry subset only.
RESULTS
The final combined cohort used for the GWAS was 1843 subjects, of whom 202 (11%) were classified as African American and 1641 (89%) as of European ancestry (see Supplementary Materials for details on genetic ancestry classification). Nine hundred sixty-two subjects were recruited in Rochester, Minnesota, and 881 subjects were recruited in San Diego, California. Of the subjects, 36.6% were female and 63.4% were male, which is due to the inclusion of a predominantly male military subcohort (the San Diego cohort). The average age of subjects in the study was 18.8 years, with a range of 11-39 years.
Our combined-cohort GWAS demonstrated a single group of SNPs in linkage disequilibrium (LD) on chromosome 11 with genome-wide significant and suggestive associations with variations in rubella-specific IL-6 secretion ( Figure 1A ). The most significant SNP (rs4986811; P = 4.87 × 10 -8 ) was in high LD with a cluster of suggestive SNPs in high LD in the same genomic region. To investigate if a particular genetic ancestry in our cohort was responsible for this significant hit, we also conducted parallel GWAS analyses in the European ancestry subjects alone ( Figure 1B ) and African American subjects alone (not shown).
No evidence of significant association for rs4986811 or any other SNP across the genome was found in the analysis based on the 202 African American subjects (P = 0.46), although we had limited power with this smaller sample size. Subsetting our cohort to the European ancestry subjects, however, increased the strength of the statistical association of SNPs in this chromosome 11 region and expanded the list of significant SNPs to include 3 additional polymorphisms in high LD with rs4986811 (Table 1) . To estimate the impact of the SNP rs4986811, we calculated the estimated percentage of variation explained (model r 2 ) by rs4986811 to be 1.9% for the European ancestry subjects. Figure 2 illustrates the SNPs in LD with rs4986811 in the European ancestry subset of our cohort. Twelve SNPs in high LD clustered in the 5ʹ intronic regions of WT1, the gene encoding Wilms tumor 1 protein. The genomic location of these SNPs also puts them in the 5ʹ upstream region of WT1-AS, a short noncoding RNA that shares a promoter region with the WT1 gene.
We also performed a GWAS to identify genetic associations with RV-specific IFN-γ secretion, yet found no significant SNPs across the genome (ie, all P values >2 × 10 -6 ).
DISCUSSION
In a large cohort of rubella-vaccinated individuals, we identified SNPs in 2 gene regions that influence RV-specific cellular immunity. Four intronic SNPs in high LD (r 2 ≥ 0.8) in the WT1 gene region on chromosome 11 were found to be significantly associated (P < 5 × 10 -8 ) with RV-specific IL-6 secretion. Seven additional suggestive SNPs in the WT1 gene region were found Abbreviations: SNP, single-nucleotide polymorphism.
Bold indicates P ≤ 5 × 10 −8 .
a Predicted function.
b Indicates an SNP identified in a WT1 transcript variant known to be a target of nonsense mediated decay (NMD).
c Indicates a predicted transcription factor binding site (Ensembl).
in high LD with these 4 significant SNPs ( Table 1 ). The estimated percentage of heritable variation in response explained by the most significant SNP, rs4986811, was estimated to be 1.9%. This effect size is high for a single SNP; it is comparable to or larger than the most significant effects seen for single SNPs in large-scale studies of complex traits such as physical height, Crohn disease, schizophrenia, and various cancers [27, 28] .
While not typically associated with immunity, the WT1 gene has many well-characterized functions. WT1 plays important roles in mammalian embryonic development [29] , and mutations in the WT1 gene are found in a variety of genetic syndromes associated with genital, optical, olfactory, and renal defects [30, 31] . WT1 also functions as a tumor suppressor gene; alterations in WT1 are associated with the eponymous Wilms tumor, a nephroblastoma [32] , as well as other cancers such as leukemia [32] , pancreatic cancer [33] , breast cancer [34] , lung cancer [35] , and colorectal cancer [36] .
The WT1 gene spans 50 kb and has 10 exons. Alternative splicing of 2 exons, in addition to alternate translation initiation sites and RNA editing mechanisms, leads to at least 24 possible isoforms of the WT1 protein [29] . Different isoforms appear to have distinct functions [29, 37] , and some isoforms bind to and/or antagonize the function of other WT1 isoforms [38, 39] . The ratios of splice variants appear to be differentially regulated between tissues and stages of development, and these ratios affect WT1 function; WT1 mutations that cause alterations in these isoform ratios through introduction of defective alternate splicing or triggering of nonsense-mediated decay are associated with the development of the associated genetic syndromes [31, 39, 40] .
WT1 contains 4 zinc finger regions, allowing it to function as an EGR1-like transcription factor [41] with targets that include growth factor genes, growth factor receptor genes, transcription factor genes, and genes coding for extracellular, secreted proteins [29] . Different WT1 isoforms have been demonstrated to activate transcription to different extents [39] . The effects of WT1 include influences on immune signaling molecules; for example, WT1 has been shown to repress the IRF8 promoter [42, 43] and interact with and enhance the function of STAT3 [44, 45] . WT1 also binds directly with the IL-10 promoter and induces IL-10 expression, and this WT1 binding was demonstrated to be necessary for tumor necrosis factor-α-induced interleukin 10 (IL-10) stimulation in macrophages [46] . Interestingly, different naturally occurring WT1 isoforms induced different levels of IL-10 gene expression, indicating a potential mechanism by which SNPs in this gene may affect downstream cellular immunity to antigens such as rubella vaccine.
The effects of WT1 isoforms are widespread. WT1 proteins are known self-antigens [29] . WT1 binds directly with a host of other proteins, including transcription factors and proto-oncogenes [29, 47] . Some isoforms of WT1 have nuclear localization signals, and may also function as posttranscriptional regulators [48, 49] . Additionally, all major isoforms of WT1 induce an array of microRNAs that are capable of suppressing transcription of various genes [50] . Finally, the long noncoding transcript WT1-AS may also have functions such as regulating WT1 expression and promoting cell apoptosis via the JAK/ STAT signaling pathway [51] . Because many of our significant SNPs are in the upstream regions of both the WT1 and WT1-AS genes, the impact of these SNPs on WT1 expression, splicing, and interactions with transcription factors and immune signaling molecules may be complex. The previously identified effects of WT1 polymorphisms are widespread. Future studies should examine the effect of our identified significant SNPs on rubella vaccine-induced immunity. Such studies could include investigation of WT1 expression and isoform/transcript ratios between SNP variants, transcription factor activity of SNP variants, and the ability of these variants to interact with the IRF and JAK/STAT signaling pathways. As IL-6 secretion has previously been associated with adverse events (AEs) after vaccination against other pathogens [52] , studies on the nature of AEs after viral vaccination and any relationship of AEs with WT1 polymorphisms may also be of public health interest.
The strengths of our study include a well-characterized viral vaccine and a well-defined cohort that is larger and more diverse than previous efforts [14] . Our cohort consists predominantly of subjects of European descent, improving statistical power for identifying rubella vaccine-associated SNPs typically found in European populations. However, our findings may not be valid for groups with other genetic ancestries. Further studies that more closely examine these effects in a more diverse cohort would meaningfully expand our knowledge of the immunogenetics of human responses to rubella vaccine.
Future work is being designed to measure the effect of the WT1 SNP variants on WT1 protein expression, ratio of WT1 protein isoforms, and effects on the development and maintenance of cellular immunity. These functional studies may lead to identification of the mechanism behind the effect of WT1 variants on rubella-specific cellular immunity after rubella vaccination. This information would contribute to our understanding of the genetic basis of vaccine response heterogeneity, which may lead to better optimization of rubella vaccines that induce robust adaptive immune responses across diverse populations, or offer pathways toward the development of novel vaccine candidates.
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